INTRODUCTION
============

Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic inflammation and bone destruction, with these processes involving various cytokines and inflammatory mediators ([@B1]). The complexity and chronicity of RA often require combined and prolonged usage of immunosuppressants, including methotrexate, leflunomide, and sulphasalazine, and biological agents such as etanercept, infliximab, and tocilizumab ([@B2], [@B3]). Lifelong treatment with immunosuppressive drugs is associated with significant side effects and high costs, making the proper management of RA difficult ([@B4]).

Supplementary drugs and health products with anti-inflammatory activity may benefit patients with RA. Flavonoids such as resveratrol and green tea extract are natural agents that inhibit inflammatory cytokines, osteoclast formation and Th17 differentiation in patients with RA ([@B5], [@B6]). DA-9601, which is extracted from *Artemisia princep*, is currently used clinically for mucosal protection ([@B7], [@B8], [@B9]). Eupatilin, the primary active component of DA-9601 ([Fig. 1](#F1){ref-type="fig"}), has anti-inflammatory, anti-cancer, and anti-allergic properties, as well as a mucosal protective effect ([@B10], [@B11], [@B12], [@B13]). Mechanistically, eupatilin was shown to inhibit T-cell activation through intracellular calcium flux and regulation of NF-κB and NF-AT ([@B14]).

Fibroblast-like synoviocytes (FLS) have hyperplastic characteristics and a tumor-like growth phenotype, resulting in the destruction of adjacent joint structures ([@B15]). FLS plays a primary role in RA pathophysiology by producing the inflammatory cytokines tumor necrosis factor (TNF)-α and interleukins (IL)-1β and IL-6 ([@B16]). FLS also produces IL-18 and granulocyte-macrophage colony-stimulating factor (GM-CSF), which activate immune system cells ([@B17]).

Osteoclasts are often observed in RA synovium and have been associated with bone destruction. Bone-derived monocytes are easily differentiated to osteoclasts by macrophage-colony-stimulating factor (M-CSF) and receptor activator of nuclear factor κB ligand (RANKL) ([@B18]). Agents with anti-osteoclastogenic properties may therefore have a protective effect against bone destruction and osteoporosis.

This study was designed to investigate the anti-arthritic effects of DA-9601 and eupatilin in a mouse model of RA, collagen induced arthritis (CIA) mice. The anti-osteoclastogenic and anti-cytokine properties of DA-9601 and eupatilin were also analyzed in vitro using FLS from patients with RA.

MATERIALS AND METHODS
=====================

Cell culture
------------

Synovial tissue samples removed from patients with RA were chopped finely in 20% DMEM containing 0.01% collagenase (Sigma-Aldrich, St. Louis, MO, USA) and incubated in 37℃ for 4 hr with shaking. The mixtures were centrifuged and washed once in 20% DMEM. Pellets containing FLS were cultured, with cells from passages 4 to 7 used for experiments.

Cytotoxicity assay
------------------

FLS (8,000 cells/well) were seeded in 96 well plates and incubated for 24 hr. Eupatilin was added in concentrations of 1, 10, and 100 nM and 1, 10, 50, and 100 µM, or an equal volume of dimethyl sulfoxide (DMSO). After incubation for 24 hr, 10 µL CCK-8 solution (Dojindo Molecular Technologies, Rockville, MD, USA) were added. After 2 hr, the absorbance of each well at 450 nm was determined using a microplate reader.

RNA extraction and RT PCR
-------------------------

FLS were incubated with 1, 2, 5, or 10 µM eupatilin or DMSO for 24 hr, followed by incubation with TNF-α (10 ng/mL) for 15 min. The cells were harvested, and total RNA was extracted with TRIZOL reagent. cDNA was synthesized using a Revertaid First-stranded cDNA Synthesis Kit (Thermo Fisher Scientific Inc, Pittsburgh, PA, USA). RT-PCR was performed using i-Taq polymerase (iNtRON Biotechnology, Seongnam, Korea) and primers for human IL-6 (sense, 5\'-ATG AAC TCC TTC TCC ACA AGC GC-3\'; antisense, 5\'-GAA GAG CCC TCA GGC TGG ACT G-3\'), IL-1β (sense, 5\'-ACT GCA CGC TCC GGG ACT CA-3\'; antisense, 5\'-AAG GGC TGG GGA TTG GCC CT-3\'; and GAPDH (sense, 5\'-ACC ACA GTC CAT GCC ATC AC-3\'; antisense, 5\'-TCC ACC ACC CTG TTG CTG TA-3\').

Osteoclast differentiation
--------------------------

Bone marrow was extracted from mouse limbs, and monocytes were collected. The red blood cells were lysed, and the remaining cells were washed with PBS and filtered through a strainer. The cells were centrifuged and cultured in 60 mm dishes for 1 day. Cells in suspension were counted, and 3×10^5^ cells were incubated in α-MEM containing 10% FBS and 10 ng/mL M-CSF (PeproTech, Inc, Rocky Hill, NJ, USA) for 48 hr, followed by incubation for 72 hr with 30 ng/mL RANKL (PeproTech, Inc.) and 10 ng/mL M-CSF plus eupatilin at concentrations of 0, 1, 10, and 100 nM and 1, 2, 5, and 10 µM. After 72 hr, RANKL, M-CSF, and eupatilin were again added. The formation of multinuclear cells was observed through a microscope. Prior to becoming apoptotic, the cells were stained with tartrate-resistant acid phosphatase (TRAP) solution.

TRAP staining
-------------

After osteoclast differentiation, multinuclear cells were washed three times at 37℃ with distilled water, followed by TRAP staining (Sigma-Aldrich) for 40-60 min at 37℃. The TRAP solution was removed, and the cells were treated with distilled water. Cells with \>10 nuclei were counted. For trap staining of tissue, the slide of sectioned limb tissue was deparaffinized and rehydrated. And then, the slide was washed using tap water for 5 min. TRAP solution was prepared as mixing followed solution (fast garmet GBC base solution 1,000 µL, sodium nitrite solution 1,000 µL, autoclaved water 90 mL, acetate solution 4 mL, tartrate solution 2 mL). The slide was dipped in jar with TRAP solution for 1 hr at 37℃ and incubated in jar with TRAP solution added with naphtol AS-BI phosphate solution 500 µL for 5 min. The slide was washed using tap water and stained with 2% fast green solution for 1 min.

Animals and CIA induction
-------------------------

Female DBA1J mice aged 6 weeks were purchased from Orient Bio, Inc. (Seongnam, Korea). Bovine type II collagen (Chondrex, Inc., Redmond, WA, USA) was dissolved in 0.05 M acetic acid overnight at 4℃. The dissolved collagen II was emulsified 1:1 in complete Freund\'s adjuvant (Chondrex) using a homogenizer. Each mouse was injected intradermally in the back with 100 µL emulsion and boosted by intraperitoneal injection of CII solution 21 days later. DA-9601 (100 mg/kg), dissolved in DMSO, co-solvent (PEG400:ethanol:Tween 80=85:15:5) and distilled water, was injected intraperitoneally to DA-9601 group and vehicle alone was injected intraperitoneally to CIA group and wild type group every other day. Arthritis scores in each limb were estimated on a scale of 0-4, with 0-2 indicating no, mild, and moderate redness and swelling of an ankle or paw, respectively, 3 indicating redness and swelling of an entire paw and ankle, and 4 indicating severe redness and swelling of an entire paw and ankle. Final arthritis score was calculated as an average of the four limbs.

Joint staining
--------------

Joint tissue sections were deparaffinized in xylene for 15 min and hydrated in an ethanol series. For H&E staining, the sections were incubated with Harris hematoxylin (Sigma-Aldrich) for 10 min, washed in tap water, and dipped sequentially in 1% HCl, 0.2% NH~4~OH, and eosin (Sigma-Aldrich) for 90 sec and washed. For safranin O staining, the sections were incubated in Weigert\'s iron hematoxylin (Sigma-Aldrich) for 10 min, washed in tap water for 10 min, incubated in Fast green (Sigma-Aldrich) for 5 min, dipped in 1% acetic acid 2 to 3 times, incubated in safranin O (Sigma-Aldrich) for 5 min and washed. For toluidine blue staining, the sections were incubated in toluidine blue for 3 min. Each stained section was subsequently washed in tap water, dehydrated in an ethanol series, dipped in xylene, and mounted. Inflammation and joint destruction scores were measured by three independent investigators. Inflammation scores were measured by adding scores, graded as 0-3, were based on the layer status of synovial membranes and scores, graded as 0-3, were based on the infiltration of lymphocytes. Joint destruction scores were measured by adding scores, graded as 0-3, were based on cartilage erosion, and scores, graded as 0-3, were based on pannus invasion into the cartilage. The detailed scoring method was described in reference study ([@B19]).

Flow cytometry
--------------

Mice were sacrificed, and isolated lymph nodes were stained with APC anti mouse CD4 (BD, San Jose, CA, USA). A FOXP3 stain buffer set (eBioscience, San Diego, CA, USA) was used for permeabilization and FITC anti mouse FOXP3 (eBioscience) was used for intracellular staining. Stained cells were analyzed by flow cytometry (LSR FORTESSA, BD Bioscience, San Jose, CA, USA), with the data analyzed by FlowJo 7.6.5 software (TreeStar Inc., Ashland, OR, USA).

Material
--------

DA-9601 and eupatilin was kindly provided by Dong-A Pharmaceutical Co. Korea (Yongin, Korea).

Statistical analysis
--------------------

All values are expressed as mean±SEM and compared by Student\'s *t*-tests. Statistical significance was set at *P*\<0.05, \<0.01, and \<0.001.

Ethics statement
----------------

The animal studies were performed after receiving approval of the institutional animal care and use committee (IACUC) in The Catholic University of Korea (IACUC approval No. 2010-0089-05). Anonymous synovial fibroblasts were acquired from patient\'s tissue bank of the Catholic University of Korea, which processes were approved by Institutional review committee.

RESULTS
=======

Eupatilin down-regulates IL-6 and IL-1β mRNA expression by TNF-α-stimulated RA-FLS
----------------------------------------------------------------------------------

RA-FLS were treated for 24 hr with eupatilin (1, 10, and 100 nM and 1, 10, 50, and 100 µM), followed by CCK-8 for 2 hr. Eupatilin at concentrations between 1 nM and 10 µM showed no evidence of cytotoxicity ([Fig. 2A](#F2){ref-type="fig"}). Treatment of these cells with TNF-α (10 ng/mL) for 15 min upregulated the expression of IL-6 and IL-1β mRNAs. However, pretreatment with 1-10 µM eupatilin blocked this increase ([Fig. 2B](#F2){ref-type="fig"}).

Eupatilin suppresses murine osteoclast differentiation
------------------------------------------------------

The ability of eupatilin to suppress the differentiation of murine bone marrow-derived monocytes into multi-nuclear osteoclasts (\>10 nuclei) by M-CSF (10 ng/mL) and RANKL (30 ng/mL), was also tested. Whereas cells treated with DMSO yielded a mean 243 osteoclasts, treatment with 1 nM and 10 µM eupatilin yielded a mean 143 and 18 osteoclasts, respectively (*P*\<0.001 each; [Fig. 3A](#F3){ref-type="fig"}), showing that eupatilin reduced osteoclast formation in a concentration-dependent manner. Similarly, microscopy showed that eupatilin decreased the number of TRAP positive cells ([Fig. 3B](#F3){ref-type="fig"}).

DA-9601 attenuates experimental arthritis
-----------------------------------------

The effect of DA-9601 on experimental arthritis in vivo was assessed in a CIA mouse model. DA-9601 injection reduced the arthritis score ([Fig. 4A](#F4){ref-type="fig"}) in these mice. Inflammation and joint destruction were reduced in mouse joints, in addition to reductions in cartilage damage and bone destruction ([Fig. 4B and C](#F4){ref-type="fig"}). To identify that DA-9601 suppresses osteoclast caused by CIA induction in vivo, mice toe was stained with TRAP solution. The osteoclast caused by CIA induction was decreased in DA-9601-injected group ([Fig. 4D](#F4){ref-type="fig"}).

DA-9601 increases regulatory T cell (Treg) populations in lymph nodes
---------------------------------------------------------------------

To assess the effects of DA-9601 on Tregs (CD4+Foxp3+ cells), lymph nodes isolated from control, CIA, and DA-9601-treated mice were stained with appropriate antibodies and assayed by flow cytometry. Relative to the CIA group, DA-9601 increased the population of Treg cells ([Fig. 5B](#F5){ref-type="fig"}) as well as the total number of viable Tregs ([Fig. 5C](#F5){ref-type="fig"}).

DISCUSSION
==========

DA-9601 has been found to contain five active compounds, chlorogenic acid, 3,5-di-*O*-caffeoylquinic acid, 4,5-di-*O*-caffeoylquinic acid, jaceosidin, and eupatilin, with the latter being present in concentration at a level of 0.03±0.04 mg/g ([@B20]). Although eupatilin was shown to have anti-inflammatory properties, it had not been assessed in RA. We therefore examined the effects of eupatilin on FLS and osteoclasts, both of which are involved in the pathogenesis of RA.

FLS stimulated by TNF-α or IL-1β produces IL-6, which has both local and systemic pathogenic activity ([@B21]). At doses between 1 nM and 10 µM, eupatilin was not cytotoxic to FLS, although some cytotoxic activity was observed when FLS were treated with 50-100 µM eupatilin. At doses between 1 nM and 10 µM, eupatilin suppressed the TNF-α-induced increase in IL-6 and IL-1β mRNAs, suggesting that eupatilin may down-regulate the IL-6 and IL-1β secreted by FLS in patients with RA.

Th17 cells, which belong to the T cell lineage, secrete IL-17, which stimulates synovial fibroblasts. IL-17 and the inflammatory cytokines TNF-α, IL-1, and IL-6 stimulate synovial fibroblast cells, which can secret RANKL. RANKL induces the differentiation of precursor cells to osteoclasts, which cause bone erosion ([@B18]). We found that incubation of bone-marrow derived monocytes with eupatilin suppressed their differentiation into osteoclasts when these cells were treated with M-CSF and RANKL. These findings suggest that eupatilin, like other natural products, can inhibit factors that affect osteoclast formation ([@B5], [@B22], [@B23], [@B24]).

The mouse CIA model, which mimics human RA, is generated by immunization with type II collagen (CII), to which antibodies are generated in the tissue cartilage of patients with RA. This model is characterized by hyperplasia of the synovial membrane, lymphocyte infiltration, erosion of cartilage, and pannus formation. Moreover, CIA mice have specific immunity against T- and B-cells ([@B25]). By assaying limb redness swelling, we found that injection of DA-9601 reduced the arthritis score in CIA mice, indicating that DA-9601 can attenuate experimental arthritis.

Assay of lymph nodes of these mice showed that Treg (CD4+ Foxp3+) populations were higher in DA-9601-treated CIA mice than in control and CIA mice. Tregs are cells of the CD4+T cell lineage that plays a role in the induction of immune tolerance and the regulation of the immune system ([@B26], [@B27]). Tregs secrete the anti-inflammatory cytokine IL-10 and express Foxp3 mRNA ([@B28], [@B29]). Other natural agents with antioxidant activity have also been shown to up-regulates the population of Tregs ([@B30], [@B31]).

In conclusion, eupatilin inhibits the levels of mRNA encoding the inflammatory cytokines IL-6 and IL-1β and suppresses murine osteoclast formation. DA-9601 is a candidate to treat experimental arthritis.
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![Chemical structure of eupatilin, drawn using ACD/ChemSketch free software (Advanced Chemistry Development, Inc, Tronto, Canada).](jkms-30-233-g001){#F1}

![Eupatilin suppresses mRNAs encoding inflammatory cytokines. (**A**) CCK assay of eupatilin cytotoxicity. FLS were seeded in 96 well plates, incubated with eupatilin for 24 hr, and incubated with CCK-8 solution for 2 hr. All values are expressed as mean±SEM. CTL (control), treatment with dimethyl sulfoxide. ^\*^*P* \< 0.01 compared with CTL. (**B**) FLS were incubated with eupatilin for 24 hr and TNF-α (10 ng/mL) was added for 15 min. The amounts of IL-6 and IL-1β mRNAs were assayed by RT-PCR.](jkms-30-233-g002){#F2}

![Eupatilin (Eu) inhibition of osteoclast formation. (**A**) Mouse monocytes were treated with M-CSF (10 ng/mL) and RANKL (30 ng/mL), in the presence of eupatilin or DMSO (CTL), to induce their differentiation into osteoclasts, defined as cells with \>10 nuclei. Values are expressed as mean ± SEM and ^\*^*P* \< 0.001 compared with CTL. (**B**) Microscopic view of the final morphology of differentiated osteoclasts. Multinuclear cells were stained with tartrate-resistant acid phosphatase (magnification, ×100).](jkms-30-233-g003){#F3}

![Effect of DA-9601 on experimental arthritis. (**A**) Arthritis scores of mouse groups. Arthritis was induced by intradermal injection of a 1:1 emulsion of CII in CFA, followed 21 days later by an intraperitoneal injection of CII solution. The mice were injected with DA-9601 (100 mg/kg) every other day. The arthritis score represents the average degree of swelling of the four limbs. (**B**) Cytology of sectioned joints of mice. Hematoxylin and eosin staining shows decreased bone destruction and inflammation in the DA-9601 group compared with the CIA group. Safranin-O and toluidine blue staining show that cartilage damage by CIA was ameliorated by DA-9601. (**C**) Inflammation and joint destruction scores were evaluated by three investigators, as specified in the Methods section. All results are shown as mean ± SEM. ^\*^*P* \< 0.001 for the DA-9601 compared with the CIA group. (**D**) The TRAP stained image of mice toe. The slide of murine toe was stained with TRAP solution. Compared with wild type, TRAP stained part of CIA group was increased. In DA-9601 group, TRAP stained part was fewer shown than CIA group (magnification, ×200).](jkms-30-233-g004){#F4}

![DA-9601 increases Treg populations in lymph nodes. (**A**) Single cells obtained from lymph nodes were stained with anti CD4 antibody conjugated with APC and permeabilized, followed by intracellular staining with anti-Foxp3-conjugated with FITC. (**B**) The Treg (CD4+FOXP3+) population in the DA-9601 group was higher than in the CIA group. (**C**) The Treg (CD4+FOXP3+) population of CD4+ cells was higher in the DA-9601 than in the CIA group.](jkms-30-233-g005){#F5}
